INTRODUCTION
MicroRNAs (miRNAs) are 20-to 22-nt-long regulatory RNAs expressed in plants and metazoan animals. Hundreds of different miRNAs are encoded in individual genomes, and approximately 30% of all human genes are predicted to be subject to miRNA regulation. Although specific functions and target mRNAs have been assigned to only a few dozen miRNAs, much experimental evidence suggests that miRNAs participate in the regulation of a vast spectrum of biological processes. Expression of many miRNAs is consistently tissue or developmental stage specific, and changes in miRNA expression are observed in human pathologies (reviewed by Ambros, 2004; Bartel, 2004; Wienholds and Plasterk, 2005) .
Generally, miRNAs regulate gene expression posttranscriptionally by base-pairing to target mRNAs. In plants, nearly all miRNAs hybridize to the mRNA with almost perfect complementarity, and the interaction induces endonucleolytic cleavage of the mRNA by a mechanism similar to that occurring during RNA interference (RNAi). In animals, most investigated miRNAs form imperfect hybrids with sequences in the 3 0 -untranslated region (3 0 UTR), with the miRNA 5 0 -proximal ''seed'' region (positions 2-8) providing most of the pairing specificity (reviewed by Tomari and Zamore, 2005) . Imperfections in the central portion of miRNA-mRNA duplexes preclude RNAi-like cleavage. Instead, the miRNA association results in translational repression, frequently accompanied by a considerable degradation of the mRNA by a non-RNAi mechanism (reviewed by Pillai, 2005) .
MiRNAs function in association with proteins as miRNPs, whose composition is similar to that of RISC responsible for mRNA cleavage, guided by small interfering (si)RNAs. As in the case of RISC, Argonaute (Ago) proteins are the essential and best characterized components of miRNPs. In mammals, only one of the four Ago proteins, Ago2, is competent to catalyze cleavage of mRNA in the middle of siRNA-mRNA complementarity (Liu et al., 2004; Meister et al., 2004) . On the other hand, all four Ago proteins, Ago1-4, appear to function in miRNA repression (Liu et al., 2004; Meister et al., 2004; Pillai et al., 2004) . The mechanism of translational inhibition by miRNAs is not well understood. Some natural or model miRNAs interfere with the initiation of protein synthesis (Humphreys et al., 2005; Pillai et al., 2005) , though others may affect more downstream steps in translation (Olsen and Ambros, 1999) . The Ago proteins and repressed mRNAs are enriched in the cytoplasmic processing bodies (PBs) (Liu et al., 2005; Pillai et al., 2005; Sen and Blau, 2005) . The PB association may represent a secondary event, which follows the translation inhibition step. Since mRNA catabolic enzymes also reside in PBs, the relocation likely results in the reported mRNA degradation (reviewed by Pillai, 2005) .
To date, miRNAs have been primarily identified as negative regulators of expression of cellular mRNAs, and it remains unknown whether the inhibition of a specific mRNA can be effectively reversed. Clearly, the ability to disengage miRNPs from the repressed mRNA, or render them inactive, would make miRNA regulation much more dynamic and also more responsive to specific cellular needs. To investigate whether mRNA can be relieved from miRNA-mediated repression, we looked at the mRNA encoding the high-affinity cationic amino acid transporter, CAT-1. CAT-1, which facilitates uptake of arginine and lysine in mammalian cells, is expressed fairly ubiquitously, but its levels vary significantly in different cells and tissues (reviewed by Hatzoglou et al., 2004) . The expression of CAT-1 is also known to undergo extensive regulation at both transcriptional and posttranscriptional levels (Hatzoglou et al., 2004) . CAT-1 regulation has been studied intensively in rat C6 glioma cells, where transcription of the gene and stability and translation of the mRNA were found to be upregulated in response to different types of cellular stress, including amino acid deprivation (Yaman et al., 2002 (Yaman et al., , 2003 Hatzoglou et al., 2004) .
Some evidence exists that in human hepatoma Huh7 cells, CAT-1 mRNA activity may be regulated by a liverspecific miRNA, miR-122. The human CAT-1 3 0 UTR contains several potential target sites for miR-122, and reporter assays indicated that insertion of these sites into the 3 0 UTR of a chimeric mRNA has detrimental effect on its translation and stability . Maintenance of low CAT-1 activity in liver cells is important to avoid hydrolysis of the plasma arginine by arginase, which is highly expressed in hepatocytes. However, under certain conditions, e.g., when urea cycle enzymes are downregulated or during liver regeneration, CAT-1 expression is induced, most likely to sustain hepatocellular protein synthesis (Wu et al., 1994) .
In this work, we present evidence that activity of the endogenous CAT-1 mRNA is translationally repressed by miR-122 in Huh7 hepatoma cells. More importantly, we demonstrate that CAT-1 mRNA and reporters bearing its 3 0 UTR can be relieved from the miR-122 repression by subjecting Huh7 cells to different stress conditions. The derepression is accompanied by the release of CAT-1 mRNA from PBs and its recruitment to polysomes, consistent with miR-122 inhibiting translational initiation. We provide evidence that the stress-induced upregulation is mediated by binding of HuR, an AU-rich element (ARE) binding protein, to the 3 0 UTR of CAT-1 mRNA.
RESULTS

CAT-1 mRNA Is Regulated by miR-122 in Huh7 Cells
We compared the expression of miR-122 and CAT-1 mRNA and protein levels in four different human cell lines. Consistent with previous findings Jopling et al., 2005) , only Huh7 hepatoma cells expressed miR-122. miR-122 was not detectable in another hepatoma line, HepG2, or in HeLa or HEK293 cells. Though the CAT-1 mRNA level did not vary significantly among the four tested cell lines, expression of CAT-1 protein in Huh7 cells was substantially lower than in the other three cell lines ( Figure 1A ). To demonstrate that CAT-1 mRNA is regulated by miR-122 in Huh7 cells, the cells were transfected with 2 0 -O-methyl (2 0 -O-Me) oligonucleotides complementary to different miRNAs. Transfection of the anti-miR-122 oligonucleotide, but not oligonucleotides complementary to let-7a or miR-15 RNAs, led to a marked increase in the CAT-1 protein level ( Figure 1B) . In rat C6 glioma cells, expression of CAT-1 is upregulated in response to stress conditions leading to phosphorylation of initiation factor eIF2a (Hatzoglou et al., 2004 and see below) . However, the specific increase in CAT-1 protein induced by anti-miR-122 was not accompanied by elevated eIF2a phosphorylation (data not shown). Nor was it associated with an increase of the CAT-1 mRNA level ( Figure 1C ), suggesting that expression of CAT-1 may be regulated at the level of translation.
To investigate a role for the CAT-1 3 0 UTR in the miR-122-mediated regulation, we constructed a series of Renilla (A) Analysis of proteins (two upper panels) and RNAs (remaining panels) expressed in four different human cell lines. Cell extract proteins were deglycosylated (for details, see Figure 3C ) and analyzed by western blotting. Position of CAT-1 is indicated by an arrow, and a nonspecific band cross-reacting with anti-CAT1 Ab by an asterisk. Total cell RNA was used for northern blotting. Relative levels of CAT-1 mRNA, corrected for the level of b-tubulin mRNA, are indicated. The lowest panel represents EtBr staining of the gel used for miR-122 analysis.
(B) Expression of CAT-1 protein is induced in Huh7 cells treated for 24 hr with anti-miR-122 oligonucleotide. Cells were transfected with 0.1 or 0.2 mM indicated oligonucleotides. (C) Induction of CAT-1 protein occurs without increase in its mRNA level. Huh7 cells were transfected with 0.2 mM oligonucleotides.
luciferase (RL) reporters containing segments of the CAT-1 3 0 UTR of different lengths ( Figure 2A ). In RL-catA, the RL coding region is fused to the 2.5-kb 3 0 UTR found in a short form of CAT-1 mRNA. In RL-catB, the 3 0 -proximal 1-kb region (hereafter referred to as region D) of the CAT-1 3 0 UTR is deleted. The remaining part contains three predicted miR-122 binding sites identified in the 2.5-kb CAT-1 3 0 UTR (for sequences of CAT-1 mRNA/miR-122 duplexes and information about short and long forms of CAT-1 mRNA, see Figure S1 ). In RL-catC, the CAT-1 3 0 UTR is shortened further to eliminate the region containing the miR-122 sites. Reporter activity, normalized to activity of the coexpressed firefly luciferase (FL), was tested in transfected Huh7 and HepG2 cells ( Figure 2B ). In HepG2 cells, all three reporters were translated with comparable efficiency, but in Huh7 cells the activity of the reporter devoid of the miR-122 sites, RL-catC, was approximately 3-fold higher than that of reporters containing miR-122 sites. Northern analysis showed that individual reporter mRNAs were expressed at similar levels in HepG2 and Huh7 cells ( Figure 2B ). Consistent with the notion that miR-122 is responsible for the differential activity of RL-cat reporters in Huh7 cells, only expression of mRNAs containing the miR-122 sites RL-catA and RL-catB, and not RL-catC and RL mRNAs, increased upon cotransfection with anti-miR-122 oligonucleotide. Stimulation by anti-miR-122 was concentration dependent and specific since anti-miR-15 oligonucleotide, used as a control, had no effect; neither oligonucleotide influenced activity of reporters in HepG2 cells ( Figure 2C ). We also tested whether repression of the miR-122-site-containing reporters could be induced in HepG2 cells by cotransfection of the double-stranded siRNA-like form of miR-122. Indeed, inclusion of the miR-122, but not the let-7 miRNA duplex, inhibited activity of RL-catA and RL-catB, while expression of RL-catC was unaffected ( Figure 4C ). These data, combined with the results of Chang et al. (2005) and the demonstration that the endogenous CAT-1 mRNA localizes to PBs in a miR-122-dependent way in Huh7 but not HepG2 cells (see below) provide evidence that expression of CAT-1 mRNA in Huh7 cells is regulated by miR-122.
Amino Acid Deprivation Induces Translational Upregulation of CAT-1 mRNA in Huh7 Cells
In cultured rat C6 glioma cells, CAT-1 protein expression increases in response to amino acid starvation and other forms of cellular stress. Regulation at both transcriptional and posttranscriptional levels was reported to contribute to the increase (Hatzoglou et al., 2004) . We investigated the effect of amino acid depletion on expression of CAT-1 protein and mRNA in hepatoma cells. In Huh7 cells, the CAT-1 protein level increased markedly after 1 hr of starvation and then remained unchanged during several additional hours of amino acid depletion ( Figure 3A ). In contrast, the substantial increase in CAT-1 mRNA level, measured by either Northern blotting ( Figure 3B ) or realtime PCR (Figure 3D ), was only detectable after 3-4 hr of starvation. In HepG2 cells, no appreciable change in either CAT-1 protein or mRNA level was observed during 4 hr of starvation ( Figures 3A and data not shown) . The early induction of the CAT-1 protein in Huh7 cells was independent of RNA polymerase II (pol II) transcription since neither actinomycin D (ActD) nor a-amanitin (a-Am), established inhibitors of pol II, had any effect ( Figure 3C ). However, the induction was inhibited by cycloheximide (CHX), an inhibitor of translational elongation ( Figure 3C ). Amino acid starvation and treatment of cells with ActD or a-Am had no apparent effect on the level of miR-122 or Ago-2, essential components of miRNPs ( Figures 3C  and 3D ). However, inclusion of either inhibitor prevented the late (4 hr time-point) accumulation of CAT-1 mRNA, demonstrating that they effectively inhibit pol II transcription in Huh7 cells. Of note, an increase in eIF2a phosphorylation was already observed after 1 hr starvation in both Huh7 and HepG2 cells ( Figure 3A) .
We excluded the possibility that CAT-1 protein turns over rapidly in cells grown in the presence of amino acids and its apparent induction by starvation is due to the translation-dependent increase in protein stability. Western analysis of lysates prepared from cells grown in either the presence or absence of CXH indicated that instead of stabilizing the CAT-1 protein, the starvation rather increased its turnover ( Figure S2 ). The accelerated decay of CAT-1 in stressed cells provides a plausible explanation for the observation that steady state levels of the protein do not continue to increase at times beyond 1 hr poststarvation.
Together, the above experiments indicate that starvation of Huh7 cells results in a de novo synthesis of the CAT-1 protein from the preexisting mRNA pool.
Response to Starvation and Other Types of Stress Is Mediated by the CAT-1 3
0 UTR To test if the translational induction described above is mediated by the CAT-1 mRNA 3 0 UTR, we measured the effect of starvation on the activity of RL-cat reporters in Huh7 cells. An approximately 4-fold induction of RL activity was observed upon starvation of cells transfected with the reporter containing miR-122 sites, RL-catA, but not with that devoid of miRNA sites, RL-catC. Starvation increased expression of RL-catB by $30% ( Figure 4A ). As in the case of endogenous CAT-1 protein, the stressinduced expression of RL from RL-catA was inhibited by addition of CHX but not ActD ( Figure 4A ). Also consistent with the CAT-1 mRNA data, the increase in RL-catA expression occurred without an appreciable change in the mRNA level ( Figure 4B ).
To assess effects of other forms of stress, we treated Huh7 cells with thapsigargin (TG), a compound known to induce endoplasmic reticulum (ER) stress, or with arsenite, which induces oxidative stress (Anderson and Kedersha, 2002) . The ER and oxidative stress induced expression of RL-catA approximately 2.5-fold while the effect on other reporters was either minimal or absent. TG and arsenite had no effect on the level of RL-catA mRNA, indicating that the effect was posttranscriptional, as in the amino acid starvation stress ( Figures 4A and 4B) .
The above experiments show that different forms of cellular stress can lead to the derepression of translation of the RL-catA reporter containing the complete 2.5-kb CAT-1 3 0 UTR.
The Stress Effect Involves miR-122 and Is Specific for CAT-1 3 0 UTR To test if the stress-mediated activation of RL-catA indeed involves miR-122, we investigated whether the response can be reproduced in HepG2 cells. We found that exposure of HepG2 cells, which do not express miR-122 (see Figure 1A ), to different forms of stress had no effect on expression of any RL-cat reporter ( Figure 4A ). However, when HepG2 cells were cotransfected with miR-122, upregulation of RL-catA was clearly evident in starved cells, with activity of RL-catB and RL-catC remaining unchanged. Cotransfection of let-7 miRNA had no similar specific effect ( Figure 4C ).
The observation that of the two reporters bearing the miR-122 sites, RL-catA, and RL-catB, one (RL-catA) undergoes activation while the other (RL-catB) remains repressed in cells subjected to stress (see Figure 4 ) indicated that stressed cells still contain functional miR-122 miRNPs. This conclusion is further supported by the observation that RL reporters containing a heterologous (SV40) 3 0 UTR with inserted artificial miR-122 sites, either perfectly complementary or bulged, were equally repressed in nonstarved and starved Huh7 cells (data not shown).
The stress-inducible RL-catA reporter differs from the reporter not undergoing activation, RL-catB, by the presence of an additional segment (region D) of the CAT-1 3 0 UTR. We tested whether this region can confer stress inducibilty on a reporter inhibited by an miRNA other than miR-122. HeLa cells, which do not express miR-122 but are abundant in let-7a miRNA, were transfected with RL reporters containing sites recognized by let-7a (Figure S3A ). Depleting HeLa cells of amino acids had no effect on the activity of reporters containing either functional (RL-3xBulge) or mutant (RL-3xBulgeMut) let-7a sites alone. However, when the RL-3xBulge reporter contained the CAT-1 region D abutted to its 3 0 UTR, its expression in stressed cells was 2-fold higher than that in control cells. Expression of other reporters, including the one containing region D alone, was not affected ( Figure S3B ).
We used the let-7a-specific RL-3xBulge reporter to further dissect the CAT-1 region D. The central part of region D contains sequences rich in A+U and U residues, referred to hereafter as region ARD. We constructed RL-3xBulge reporters containing either region ARD (RL-3xBulgeARD) or region D without ARD (RL-3xBulgeDARD) fused downstream of the let-7a binding sites ( Figure S3A ). Comparison of reporter activity in nonstarved and starved HeLa cells indicated that the ARD but not the DARD portion of region D can mediate the stimulatory response in stressed HeLa cells ( Figure S3C ).
Together, these results indicate that the stress-induced activation applies to mRNAs subjected to miR-122 repression in the context of the CAT-1 3 0 UTR. However, the activation can occur with an mRNA repressed by another miRNA provided that the mRNA contains a specific segment of the CAT-1 3 0 UTR.
HuR Protein Is Essential for the Derepression
HuR is an ARE binding protein implicated in different aspects of posttranscriptional regulation (reviewed by Brennan and Steitz, 2001; Katsanou et al., 2005; Lal et al., 2005) . In response to various types of cellular stress, HuR is mobilized from the nucleus to the cytosol, where it may modulate translation or increase the stability of different target mRNAs, including CAT-1 mRNA in rat glioma cells (Yaman et al., 2002) . We tested if the siRNA-mediated knockdown of HuR has an effect on the stress-induced Figure 5A ). To test if the CAT-1 mRNA interacts with HuR, we used soluble cytosolic fractions from control and starved Huh7 cells to perform immunoprecipitation (IP) reactions with the monoclonal antibody (mAb) against HuR. RNA isolated from the precipitates was then analyzed by RT-PCR. Consistent with the involvement of HuR in the upregulation, CAT-1 mRNA was immunoselected from the soluble cytoplasmic fraction of starved Huh7 cells by the anti-HuR but not by the control anti-FLAG mAb. Neither of the two control mRNAs was immunoprecipitated by anti-HuR mAb ( Figure 5C ).
Characterization of RL-cat and RL-3xBulge reporters indicated that the CAT-1 3 0 UTR region D and, more specifically, fragment ARD are essential for mediating the stress-induced derepression. We tested, by native gel analysis, if the 32 P-labeled ARD fragment can interact with a purified recombinant GST-HuR fusion protein. Indeed, GST-HuR but not GST formed a complex with the fragment, and the complex was competed by an excess of unlabeled fragment ARD but not DARD ( Figure 5D ). The ARD fragment contains three potential HuR binding regions: ardB, ardC, and ardD. These regions, the mutants thereof, and also additional sequences acting as either positive or negative controls were cloned downstream of the CAT-1 3 0 UTR region bearing the miR-122 sites ( Figure S4A ). The resulting RL-cat reporters were tested for their response to starvation and their interaction with HuR. Regions ardB, ardC, and ardD, but not their mutants, bestowed stress-inducibility on the reporters, which was similar to that produced by the previously characterized HuR binding sites, either synthetic or originating from the p53 3 0 UTR. Most importantly, the stress responsiveness of the reporters correlated well with their immunoprecipitability by the anti-HuR antibody from cytosolic extracts of starved Huh7 cells ( Figure S4B) . Notably, RL-catD reporter, which lacks miR-122 sites and is not stimulated by stress (see also Figures S3 and S5 ), still interacted with HuR ( Figure S4B ). Hence, HuR binding per se does not cause activation of the RL reporter devoid of miR-122 sites and not repressed by the miRNA. This conclusion is further supported by the finding that treatment of Huh7 cells with anti-miR-122, preventing the RL-catA mRNA repression by miR-122, completely eliminated the effect of stress on activity of this ARD-elementcontaining reporter. Activity of RL-catD was not affected by starvation, irrespective of whether cells were treated with anti-miR-122 oligonucleotide or not ( Figure S5 ).
In conclusion, the above experiments indicate that HuR plays a role in the stress-induced activation of CAT-1 mRNA and RL-cat reporters undergoing miR-122-mediated repression.
Stress Induces Relocation of CAT-1 mRNA from PBs and Its Entry to Polysomes
Components of miRNPs and mRNA reporters repressed by miRNAs colocalize to PBs (Liu et al., 2005; Pillai et al., 2005; Sen and Blau, 2005) . We analyzed the intracellular localization of the endogenous CAT-1 mRNA and RL-cat reporters in cells grown under different conditions. In situ hybridization revealed that in nonstarved Huh7 cells, CAT-1 mRNA is concentrated in PBs, as demonstrated by its colocalization with the PB marker, GFPDcp1a ( Figure 6A ; for quantification and discussion of overlap between CAT-1 mRNA and GFP-Dcp1a foci, see Table S1 ). PB enrichment of the mRNA was abolished when cells were transfected with the anti-miR-122 but not control oligonucleotide ( Figure 6B ), indicating that the localization was dependent on miR-122. Significantly, in Huh7 cells grown for 2 hr under amino acid deficiency, a condition that markedly increases CAT-1 protein without an effect on the mRNA level (see Figure 3) , CAT-1 mRNA was no longer detectable in PBs ( Figure 6A ). Interestingly, starvation did not produce an appreciable decrease in the miR-122 signal in PBs, arguing for an effect specific for the CAT-1 mRNA ( Figure 6D ) and possibly only a few other mRNAs among the many regulated by miR-122 in liver cells (Krutzfeldt et al., 2005) . Consistently, starvation had no effect on the enrichment of Ago proteins in PBs (data not shown). As expected, CAT-1 mRNA did not colocalize to PBs in HepG2 cells. However, in HepG2 cells transfected with miR-122, but not let-7 miRNA, CAT-1 mRNA was enriched in PBs ( Figure 6C ), further supporting the idea that the repression and PB localization of CAT-1 mRNA are controlled by miR-122. Arsenite treatment of Huh7 cells also led to the relocation of CAT-1 mRNA from PBs ( Figure S6 ), consistent with the observed increase in the RL-catA reporter expression induced by arsenite. We found that CAT-1 mRNA did not colocalize with stress granules, cellular structures formed upon inhibition of protein synthesis in response to arsenite treatment (Anderson and Kedersha, 2002 ) ( Figure S6 ).
As an independent approach, we determined if, in starved Huh7 cells, CAT-1 mRNA becomes extractable from cells permeabilized with digitonine. A similar assay was used previously to support the PB-to-cytosol relocalization of mRNAs relieved from miRNA repression by treatment with antisense oligonucleotides . As shown in Figure 6E , following starvation, the amount of CAT-1 mRNA present in the cytosol prepared from permeabilized Huh7 cells increased markedly. A similar redistribution of CAT-1 mRNA was observed upon transfection of Huh7 cells with anti-miR-122. Importantly, the shift of the CAT-1 mRNA to the cytosol upon stressing Details of cell treatment are indicated to the left of each row in panels A-D. PBs were visualized by measuring GFP-Dcp1a fluorescence (green), and CAT-1 by in situ hybridization with Cy3-labeled probes (red). DAPI (blue) stained the nucleus. Cells were starved for 2 hr prior to fixation. Exposure time of the red channel for starved Huh7 cells (A), the anti-miR-122 row (B), and Fed let-7a row (C) was 10 times longer than for other images. (E) Fractionation of Huh7 cells permeabilized with digitonine reveals redistribution of CAT-1 mRNA from the S14 pellet to the S14 supernatant. Cells, either fed with or starved of amino acids, were treated with digitonine and fractionated, and recovered RNA was analyzed by semi-quantitative RT-PCR for CAT-1 and b-tubulin mRNA content. Where indicated, nonstarved cells were transfected with either anti-miR-122 or anti-miR-15 oligonucleotide. In HepG2 cells, the CAT-1 mRNA is mainly present in the digitonine-soluble fraction, even in the absence of stress. Total, RNA extracted from cell extracts prior to fractionation; -RT, reaction without reverse transcription step (for fed Huh7 cells). Huh7 cells occurred with a kinetics similar to the appearance of HuR in this fraction and also paralleled the accumulation of CAT-1 protein ( Figure S7 ).
We found previously that repression of protein synthesis by let-7 RNA in HeLa cells is accompanied be a less effective entry of target reporters to polysomes, indicative of the translation initiation block . Gradient analysis of Huh7 cell extracts indicated that amino acid starvation results in an increase in the fraction of CAT-1 mRNA associated with polysomes. In contrast, b-tubulin mRNA moved toward the top of the gradient in response to starvation, consistent with a general inhibitory effect of stress on translation ( Figure 6F and G) . Treatment of Huh7 cells with anti-miR-122 but not control anti-let-7a oligonucleotide resulted in the CAT-1 mRNA shift to polysomes similar to that induced by starvation ( Figure 6H ). Of note, a fraction of the ''repressed'' CAT-1 mRNA sedimented faster than the polysome-associated CAT-1 mRNA present in stressed or anti-miR-122-treated cells. Possibly, this material represents PB aggregates containing CAT-1 mRNA.
We determined the intracellular localization of RL-cat reporters. In nonstarved Huh7 cells, RL-catA and RLcatB, but not RL-catC, were enriched in PBs. Importantly, upon starvation, only the RL-catA reporter, containing the downstream CAT-1 region D, relocalized from PBs. Additional control experiments demonstrated that cotransfection of anti-miR-122 but not anti-miR-15 oligonucleotide prevented concentration of RL-catA in PBs in Huh7 cells ( Figure S8A ). RL-catA did not colocalize with PBs in HepG2 cells ( Figure S8B) .
Together, the results demonstrate that CAT-1 mRNA and RL-catA reporter are concentrated in PBs when repressed by miR-122 but are absent from these structures under conditions, including cellular stress, which preclude miR-122 repression. They also show that relocation of CAT-1 mRNA from PBs is accompanied by its recruitment to polysomes.
Relocalization from PBs Depends on HuR and Requires the CAT-1 3
0 UTR Region D To find out if the relocation of CAT-1 mRNA from PBs, like the activation of its expression, also requires HuR, we studied CAT-1 distribution in Huh7 cells in which HuR protein had been knocked down by RNAi (Figure 7 and Table  S1 ). The knockdown had no effect on the PB enrichment of CAT-1 mRNA in control cells. However, it prevented mobilization of the mRNA from these structures upon amino acid starvation. In cells transfected with nonspecific siRNA, the relocation did take place, similarly as in nontreated Huh7 cells ( Figure 6A ).
Additional control experiments indicated that in Huh7 cells, as in other cells types (Brennan and Steitz, 2001) , amino acid starvation causes relocation of HuR from the nucleus to the cytoplasm ( Figure S9A ). We also found that starvation of Huh7 cells for 2 hr (the time point at which CAT-1 and reporter mRNA activity and/or localization were usually measured) did not lead to the formation of stress granules ( Figure S9B ) and that HuR did not accumulate in PBs in response to starvation ( Figure S9C ). Likewise, arsenite treatment did not cause HuR to colocalize with PBs, although, as expected (Anderson and Kedersha, 2002) , the protein was present in stress granules ( Figure S9C and data not shown).
We investigated whether a chimeric let-7a miRNA reporter, RL-3xBulgeCatD, whose expression is upregulated in stressed HeLa cells ( Figure S3 ), also relocates from PBs in response to amino acid starvation. In RL3xBulgeCatD, the let-7a binding region is fused to the CAT-1 region D, which interacts with HuR and is implicated in mediating the response. As shown in Figure S10 , RL-3xBulgeCatD was concentrated in PBs in nonstarved HeLa cells, but its colocalization with these structures was lost in cells grown in the absence of amino acids. Importantly, control RL-3xBulge mRNA, devoid of the CAT-1 region D, was retained in PBs in both nonstarved and starved HeLa cells. As expected, another control reporter, RL-catD, containing the CAT-1 3 0 UTR region D but no let7a binding sites, did not accumulate in PBs.
These experiments further support a role for HuR and the CAT-1 mRNA region D in mediating the response induced by the amino acid stress. They also indicate that stress-mediated reactivation of mRNAs undergoing miRNA repression may be a more general phenomenon, applying to different cell types and miRNA-mRNA combinations.
DISCUSSION
miRNAs have been generally identified as negative regulators of expression of cellular mRNAs. Here we provide evidence that CAT-1 mRNA and reporters bearing its 3 0 UTR can be relieved from miR-122-mediated repression in human Huh7 hepatoma cells when they are subjected to different types of stress. We demonstrate that the derepression is accompanied by the release of CAT-1 mRNA from PBs and its entry into polysomes and that the process involves binding of HuR, an ARE binding protein, to the 3 0 UTR of CAT-1 mRNA. After submission of this manuscript, two reports appeared indicating that some miRNA-controlled mRNAs can be relieved from repression by synaptic stimulation (Ashraf et al., 2006; Schratt et al., 2006) . Collectively, these and our findings demonstrate that miRNA regulation is more dynamic than previously anticipated and that it is able to respond rapidly to specific cellular needs.
Our results show that CAT-1 mRNA activity in human Huh7 cells is controlled by miR-122. Activity of the endogenous CAT-1 mRNA and of RL reporters bearing its 3 0 UTR was specifically increased upon transfection of Huh7 cells with anti-miR-122 oligonucleotide and, conversely, reporter expression was specifically repressed by cotransfection of miR-122 into HepG2 hepatoma cells, which normally do not express this miRNA. In addition, in Huh7 but not HepG2 cells, expression of reporters correlated with the presence of the CAT-1 miR-122 complementary region in the 3 0 UTR. Most significantly, for all investigated mRNAs and cell lines, mRNA activity showed a good inverse correlation with the mRNA enrichment in PBs, structures demonstrated recently to accumulate mRNAs repressed by miRNAs (Liu et al., 2005; Pillai et al., 2005) . Importantly, the enrichment of investigated mRNAs in PBs was miR-122 dependent. Activation of CAT-1 and reporter mRNAs by exposing the cells to stress or transfecting them with anti-miR-122 oligonucleotide had no appreciable effect on the mRNA level, indicating that miR-122 in Huh7 cells controls CAT-1 mRNA at the translational rather than stability level. However, we note that Chang et al. (2005) , using other chimeric reporters, observed a considerable effect of miR-122 also on the level of mRNA.
Our work demonstrates that CAT-1 mRNA and/or reporters bearing fragments of its 3 0 UTR can be relieved from miR-122-mediated repression in Huh7 cells subjected to amino acid deprivation or the ER or oxidative stress. Observations that the response to the amino acid starvation stress can be recapitulated in other cell lines by either ectopic supply of miR-122 or the use of chimeric reporters targeted by another miRNA argue for a general importance of this type of regulation. The stress-induced increase in activity of CAT-1 and reporter mRNAs was not accompanied by a change in mRNA levels and occurred in cells grown in the presence of the pol II inhibitors, indicating that it was due to enhanced translation of pre-existing mRNAs.
Although miRNAs may affect gene expression in different ways (reviewed by Pillai, 2005) , recent findings indicate that let-7 RNA and some model miRNAs in mammals inhibit translation at the initiation step (Humphreys et al., 2005; Pillai et al., 2005) and that repressed mRNAs localize to PBs for either storage or degradation (Liu et al., 2005; Pillai, 2005; Pillai et al., 2005) . The data presented in this work indicate that this scenario may also apply to the miRNA regulation of an endogenous mRNA. The derepression of CAT-1, induced by either starvation stress or transfection of the anti-miR-122 oligonucleotide, was accompanied by relocalization of CAT-1 mRNA from PBs and its increased association with polysomes, consistent with the miRNA inhibition acting at the initiation step. The demonstrated stress-induced mobilization of mRNAs from PBs provides evidence that metazoan PBs represent sites not only of mRNA turnover but also of storage of translationally repressed mRNAs. So far, such evidence was available for baker's yeast, an organism lacking miRNA regulation (Brengues et al., 2005) .
Hatzoglou and collaborators (Yaman et al., 2003; Hatzoglou et al., 2004) found that in rat C6 glioma cells subjected to nutritional stress, CAT-1 mRNA translation is initiated at an internal ribosome entry site (IRES), which is rendered functional by translation of a short mORF present in the 5 0 UTR. Our findings that the CAT-1 upregulation in stressed Huh7 cells is mediated by the 3 0 UTR and can be recapitulated with RL reporters bearing a heterologous 5 0 UTR speak against a role for an IRES in the process. Additional evidence against a role of IRES in the regulation studied in this work was provided by analysis of CAT-1 mRNAs bearing three different classes of 5 0 UTR expressed in Huh7 cells ( Figure S11 ). The exclusion of the role of alternative initiation was important since IRES-mediated translation seems to be immune to miRNA repression (Humphreys et al., 2005; Pillai et al., 2005) and hence would have been a plausible explanation of the stress effect.
Our results strongly argue for a role of HuR in the stressinduced activation of mRNAs undergoing miR-122-mediated repression. This conclusion is supported by the observation that the HuR knockdown prevents both the translational activation of repressed mRNAs and their mobilization from PBs. Moreover, a recombinant HuR interacted with the CAT-1 3 0 UTR fragment implicated in mediating the stimulatory effect of stress, while the endogenous HuR associated with all reporter mRNAs undergoing derepression but not with their inactive variants bearing mutations in the predicted HuR binding sites. HuR is a ubiquitously expressed member of the ELAV family of proteins (which also comprises three neuronal proteins) involved in different aspects of posttranscriptional regulation. In response to different types of cellular stress, HuR is mobilized from the nucleus to the cytosol, where it may modulate translation and/or stability of different mRNAs (reviewed by Brennan and Steitz, 2001; Katsanou et al., 2005; Lal et al., 2005) . The mechanism that underlies translational effects of HuR remains poorly understood, but the stabilization of different target mRNAs is generally believed to be attributable to the ability of cytoplasmic HuR to interfere with the binding or activity of multiple other ARE binding proteins which function in promoting mRNA turnover (Brennan and Steitz, 2001; Katsanou et al., 2005; Lal et al., 2005) . Considering our data, we propose that at least some of the known effects of HuR, both translational and stability related, may be due to the interference of HuR with the function of miRNAs, which would result in enhanced translation or stability of mRNA. Through its posttranscriptional effects on the activity of many important regulatory genes, HuR has been proposed to play a role not only in the stress response but also in cell proliferation and differentiation, tumorigenesis, apoptosis, and the immune response (Brennan and Steitz, 2001; Katsanou et al., 2005; Lal et al., 2005) . Consistently, increased expression and/or cytoplasmic content of HuR is associated with many malignancies, particularly those with poor histologic differentiation (Heinonen et al., 2005 and references therein). Again, some of these effects may result from HuR-induced disregulation of miRNAs.
HuR shuttles between the nucleus and cytoplasm, and HuR has been suggested to bind some ARE-containing mRNAs in the nucleus and chaperone them to the cytoplasm. Indeed, Lal et al. (2005) reported recently that ultraviolet light stress is associated with the HuR-mediated mobilization of prothymosin a (ProTa) mRNA from the nucleus to cytoplasm. Since the cell fractionation procedure utilized for the ProTa analysis was nearly identical to the digitonine protocol used in our work for monitoring mRNA mobilization from PBs, it would be interesting to test for the localization of ProTa mRNA in these structures and its potential regulation by miRNAs. The in situ experiments demonstrating CAT-1 mRNA and RL reporter localization in PBs in unstressed hepatoma and HeLa cells make it very unlikely that redistribution of mRNA between the nucleus and the cytoplasm contributes to the effects described in our work.
The demonstration that mRNAs repressed by miRNAs can be mobilized from PBs to return to active translation indicates that PBs are dynamic structures, exchanging their content rapidly with that of the cytosol, as already indicated by photobleaching (Andrei et al., 2005) and other (Brengues et al., 2005) experiments. It is likely that HuR, present in abundance in the cytoplasm of stressed cells, shifts the PB-to-cytosol equilibrium of repressed mRNAs by binding to AREs in the 3 0 UTR of its targets. Whether this is accompanied by the dissociation of miRNPs from the mRNA or just prevents miRNPs from acting as effectors in the repression remains to be established. Our preliminary findings that anti-HuR antibodies co-precipitate the Ago proteins while antibodies directed against the tagged Ago2 pull down the CAT-1 mRNA from the cytoplasm of stressed Huh7 cells (unpublished results) support the latter scenario. It will also be interesting to study other details of HuR involvement in relieving the miRNP repression. The findings that several identified protein ligands of HuR are protein phosphatase 2A inhibitors (Brennan et al., 2000) , and that HuR can undergo methylation (Li et al., 2002) or, in some cases, can synergize with other RNA binding proteins (Katsanou et al., 2005) indicate that HuR is a part of a complex network dedicated to posttranscriptional regulation of gene expression.
EXPERIMENTAL PROCEDURES
Cell Culture and Stress Induction Human HeLa, HEK293, HepG2, Huh7, and DLD-1 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL) supplemented with 2 mM L-glutamine and 10% heat-inactivated fetal calf serum (FCS). For induction of stress, cells were washed twice with phosphate buffered saline (PBS) without Mg 2+ and Ca 2+ , pH 7.5, and incubated in DMEM without amino acids (Gibco-BRL) supplemented with 10% FCS dialyzed against PBS. Nonstarved control cells were transferred to DMEM with all amino acids but supplemented with 10% dialyzed FCS. To induce ER or oxidative stress, cells were grown for 2 hr in the presence of 200 nM TG (Sigma) or for 30 min in the presence of 0.1 mM sodium arsenite, respectively. Stress was induced when cells were 50%-70% confluent. Transcriptional and translational inhibitors (ActD, a-Am, and CHX; all from Sigma, used at 10 mg/ml), dissolved in DMSO, were added 5 min before stress induction. DMSO was added to control cultures (final concentration of 0.1%). Luciferase Assay RL and FL activities were measured using Dual-Luciferase Assay Kit (Promega). Since stress conditions lead to the partial inhibition of general translation, we determined the effect of stress-inducing agents on expression of RL-Con and FL-Con in Huh7 cells. Depletion of amino acids (2 hr) or treatment of cells with TG (2 hr) or arsenite (30 min) reduced RL activity by 25, 26, and 41%, respectively, and FL activity by 13, 22 and 20%, respectively.
Cell Transfections
Cellular Fractionation, Immunoprecipitations, and PCR Analysis Digitonine permeabilization and cellular fractionation of Huh7 and HepG2 cells was performed as described by Pillai et al. (2005) . Unless stated otherwise, for IP reactions, cells were lysed in Buffer C (10 mM Tris-HCl, pH 7.5, 25 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 250 mM sucrose, 40 U/ml Rnasin, and the EDTA-free protease inhibitor cocktail [Roche]) containing 50 mg/ml digitonine for 15 min on ice. The 14,000 x g supernatants (S14), used as cytosolic fractions, were pre-cleared by incubation with a mixture of Protein A-and Protein G-Sepharose beads pre-blocked with BSA. After adjusting KCl concentration to 150 mM, the samples were incubated with mouse anti-HuR or anti-FLAG mAbs at 4ºC overnight. The pre-blocked beads were then added to the samples. After 2 hr at 4ºC, beads were washed with Buffer C containing 200 mM NaCl.
RNA extracted from immunoprecipitates was treated with RQ1 DNase and Proteinase K, and used for RT-PCR analysis. The genespecific RT primers were: AGCCATCATGTTCTTGGCATC (b-tubulin), CCGCTCTAGAATTACTGC TCGTTC (RL), and CGGAATTCGCAAG GTGAGCAG (CAT-1). Sequences of PCR primers are available on 
Northern Blots
Northern blotting of total cellular RNA (10-20 mg) was performed as described by Pillai et al. (2005) . Internally 32 P-labeled DNA probes were used for detection of mRNAs, and the miRCURY complementary LNA oligonucleotide (Exiqon, Denmark), 5 0 -end-32 P-labeled, was used for detection of miR-122. For quantification, a Quantity One software (Bio-Rad) was used.
Western Blots
Western analyses of CAT-1 (Graf et al., 2001 ) and other proteins were performed as previously described. Where indicated, lysates were treated with Peptide N-glycosidase F (PNGase F, Roche), as described by Graf et al. (2001) .
Immunofluresence and In Situ Hybridrization
For immunoflurescence analysis, cells were fixed with 4% paraformaldehyde for 30 min, and permeabilized and blocked with PBS containing 5% BSA and 0.1% Triton X-100 for 30 min. The anti-TIA-1 antibody and anti-HuR mAb were used at 1:100 dilution. Secondary anti-goat and anti-mouse antibodies labeled with Alexa 488 and Alexa 594 fluorochromes, respectively (Molecular Probes) were used at 1:500 dilutions. Cells used for in situ analyses were transfected with the plasmid encoding either GFP-Dcp1a or YFP-TIA-R, and, when indicated, also with reporter RL plasmids. 24 hr after transfection cells were split for growth on gelatin-coated cover slips overnight. Cells were fixed with 4% paraformaldehyde, permeabilized in 70% ethanol, rehydrated, and used for hybridization. The digoxigenin-labeled miRCURY LNA probe was used for detection of miR-122 and mixtures of Cy3-labeled oligonucleotides complementary to either CAT-1 or RL coding regions were used for detection of mRNAs, following procedures described in Pillai et al. (2005) . For additional details, see Supplemental Experimental Procedures.
Polysome Analysis
For polysome analysis, Huh7 cells grown to 50% confluence were transferred for 40 min to a medium with or without of amino acids before cell collection. For analysis of anti-miR oligonucleotide treated cells, 70% confluent cells were transfected with indicated 100 nM oligonucleotides 24 hr prior collection. Gradient analysis was performed essentially as described by Pillai et al. (2005) . CXH was added to 100 mg/ml concentration 5 min before lysis and was also included in solutions used for cell washing and lysis. After lysis with a hypotonic buffer containing 0.5% deoxycholate, 0.5% Triton X-100, and 120 U/ml of Rnasin, a KCl concentration was adjusted to 150 mM. RNA extracted from gradient fractions and input lysates was used for northern analysis. Quantification of mRNA was performed by PhosphorImaging, using Storm 860 Imager (Molecular Dynamics).
Gel Shifts
For HuR binding assays, 10 fmol of the 32 P-labeled ARD transcript was incubated with either 0.2 mg of purified GST-HuR [kindly provided by C. Clayton (ZMBH, Heidelberg) and Y. Nagamine (FMI, Basel)] or 0.5 mg of purified GST in a 20 ml reaction containing 10 mM HEPES-KOH, pH 8.0, 10 mM MgCl 2 , 100 mM KCl, 2 mM DTT, and 10% glycerol. Competition assays contained 100-fold excess of cold transcripts. After 15 min at 25ºC, samples were analyzed on a native 5% polyacrylamide gel prepared and run in 45 mM Tris-borate, pH 8.0.
Additional Methods and Reagents
Preparation and/or sources of plasmids and templates for in vitro transcription, sources of antibodies, sequences and sources of siRNAs, miRNAs, anti-sense oligonucleotides and hybridization probes, and also details of the in situ hybridization and real time PCR, are described in Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include eleven figures, one table, Experimental Procedures, and References and can be found with this article online at http://www.cell.com/cgi/content/full/125/6/1111/DC1/.
